Xanthomonas campestris pv. campestris (Xcc) is the causal agent of black rot disease in cruciferous plants. The synthesis of known virulence factors in this organism, such as extracellular enzymes and biofilm, is strictly regulated in response to environmental stimuli. Two-component signal transduction systems sense environmental signals and alter bacterial behavior by regulating gene expression. Here, we identified a response regulator, VemR, that regulates Xcc pathogenesis. The vemR gene encodes an atypical response regulator that only contains a receiver domain. Deletion of vemR resulted in decreased virulence, exopolysaccharide production and motility of Xcc. The vemR gene is located in an operon flanked by genes fleQ and rpoN2. Genetic analysis indicated that deletion of fleQ does not affect motility significantly. However, a double mutant DvemR/DfleQ reversed the phenotype of DvemR, indicating that fleQ is epistatic to vemR in the regulation of virulence and adaptation.
Introduction
The phytopathogen Xanthomonas campestris pv. campestris (Xcc) is the causative agent of crucifer black rot disease, which causes severe losses in agricultural yields worldwide (Swings & Civerolo, 1993) . Xcc generally invades and multiplies in cruciferous plant vascular tissues, resulting in the characteristic 'black rot' symptoms of blackened veins (Alvarez, 2000) . The ability of Xcc to infect plants successfully depends on certain factors including extracellular enzymes, exopolysaccharides and biofilm production (Tang et al., 1991; Wilson et al., 1998; Slater et al., 2000; Dow et al., 2003; Ryan et al., 2006) . Two-component signal transduction systems (TCSTSs) have been shown to respond to a wide range of stimuli, triggering various physiological changes (Qian et al., 2008) . Inactivation of some TCSTSs results in a significant reduction in bacterial virulence. For example, eight TCSTSs in Streptococcus pneumoniae are required for virulence in a mouse respiratory tract model (Throup et al., 2000) . Similarly, three putative response regulators (RRs) of Listeria monocytogenes are required for virulence and growth in the host environment (Kallipolitis & Ingmer, 2001) . Four TCSTSs, RpfC/RpfG (Tang et al., 1991) , HrpG (Wengelnik et al., 1996) , RavS/RavR (He et al., 2009) and XCC3107 (Qian et al., 2008) , involved in Xcc virulence have been identified to date. RpfC and RpfG modulate the synthesis of extracellular enzymes, exopolysaccharides and biofilm (Tang et al., 1991; Slater et al., 2000; Dow et al., 2003) . HrpG encodes a putative RR (Wengelnik et al., 1996) that controls the expression of a type III secretion system, the critical transportation machinery that delivers effectors into host cells by interacting with the downstream AraC-family transcription factor HrpX (Noel et al., 2001) . RavS/RavR is a novel TCSTS that regulates exopolysaccharide synthesis, biofilm production and motility by altering cellular cyclicdi-GMP levels, and RavR is involved in cyclic-di-GMP hydrolysis (He et al., 2009) .
Bioinformatic analysis of XC2252 in Xcc strain 8004 suggests that it is an atypical RR that has a receiver domain, but no output domain (Qian et al., 2008) . Gene XC2251, located upstream of XC2252, encodes a sigma 54 factor, RpoN2. Gene XC2253, located downstream of XC2252, encodes a flagellar synthesis regulator, FleQ (Fig. 1a) . Both RpoN2 and FleQ are involved in the regulation of flagellum synthesis and virulence (Hu et al., 2005) . A previous study indicated that inactivation of XCC1934, the ortholog of XC2252 in Xcc ATCC 33913, did not significantly affect Xcc virulence to cabbage (Brassica oleracae) (Qian et al., 2008) . In this study, genetic analysis showed that XC2252 is involved in the regulation of virulence, exopolysaccharide synthesis and motility in Xcc, and the gene was named as vemR.
Materials and methods

Bacterial strains and culture conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli DH10B was used in propagating plasmid constructions, and clones were routinely grown in Luria-Bertani broth at 37 1C. Xcc was grown in rich medium NYGB (peptone, 5 g L À1 ; yeast extract, 3 g L À1 ; and glycerol, 20 g L À1 , pH, 7.0) at 28 1C. Antibiotics were added to media if required; the concentrations were: kanamycin, 12.5 mg mL À1 for Xcc and 50 mg mL À1 for E. coli; spectinomycin, 100 mg mL À1 for both Xcc and E. coli; and ampicillin, 100 mg mL À1 for E. coli; tetracycline, 10 mg mL
À1
for Xcc and 50 mg mL À1 for E. coli. Escherichia coli was transformed using electroporation performed as described previously (Mongkolsuk et al., 1998) . Xcc competent cells were prepared by washing the exponential-phase Xcc cells (OD 600 nm is about 0.4-0.5) that grew in liquid 210 medium
sucrose, 5 g L À1 ; K 2 HPO 4 , 3gL À1 ; and MgSO 4 Á 7H 2 O, 0.3 g L À1 , pH 7.0) with 10% ice-cold glycerol and transformation performed as described previously (Mongkolsuk et al., 1998) .
Mutant construction and DNA manipulation
In-frame deletion mutants were created by two exchange steps using the plasmid pK18mobsacB (Schafer et al., 1994) . Point mutations were introduced using a QuikChange multisite-directed mutagenesis kit (Stratagene), following the manufacturers' instructions. The point mutation vectors pK18MSBD11K, pK18MSBD56A and pK18MSBD11KD56A were conjugated from E. coli S17-1 into strain DvemR by biparental mating and the resulting strains were used for the construction of point mutation at the native chromosomal vemR locus in Xcc. All mutant strains were confirmed using PCR and sequencing. For construction of the DvemR complementation plasmid, the wild-type vemR gene was amplified and ligated into a broad-host-range vector pHM1 (Huynh et al., 1989) digested with restriction enzymes HindIII and EcoRI. All the primers used in this study are listed in Table 1 .
Virulence test
The virulence of Xcc to cabbage was estimated after bacteria were introduced into the leaves by leaf clipping as described previously (Qian et al., 2005) , and the lesion length was measured 14 days postinoculation. 
Exopolysaccharide assays
For measurements of exopolysaccharide production, strains grown overnight in NYGB medium were washed and resuspended in 10 mM MgCl 2 (OD 600 nm = 0.1). Aliquots (5 mL) of these bacterial suspensions were then added to 50 mL of TGM medium (1% tryptone, 0.5% yeast extract, 2% glycerol, 1% glucose, 0.07% K 2 HPO 4 and 0.025% MgSO 4 Á 7H 2 O) and shaken for 48 h at 250 r.p.m. Exopolysaccharides were precipitated from culture supernatants by ethanol, dried and weighed as reported previously (Vojnov et al., 1998) .
Motility assays
Strains grown overnight in NYGB medium were washed and resuspended in 10 mM MgCl 2 (OD 600 nm = 0.1). To analyze swimming motility, 0.3% swimming agar TYGS (0.1% tryptone, 0.05% yeast extract, 0.1% NaCl and 1% glucose) plates were inoculated with 2-mL bacterial suspensions (OD 600 nm = 0.1) and incubated for 24 h. Agar (0.6%) plates were used to analyze swarming motility and were inoculated for 72 h. The diameters of the colony were measured 24 h or 72 h after incubation on swimming or swarming plates, respectively.
b-Glucuronidase (GUS) activity assays
The promoter of the gum gene cluster was amplified by PCR using the primers listed in Table 1 . The PCR product was cloned into pGEM-T Easy (Promega, Madison, WI) for sequence verification. It was then cloned into the upstream region of the bGUS (uidA) gene of the broad-host-range vector pL6GUS (Wang et al., 2007) digested with HindIII and BamHI. The plasmid was transformed into Xcc strain 8004 wild type and the DvemR mutant. The resulting strains were grown overnight in NYGB medium. Cells were collected by centrifugation and b-GUS gene activity was assayed as described elsewhere (Jefferson, 1987) .
Assays of extracellular enzymes
The ability of Xcc to secrete extracellular enzymes was tested as described previously (Yang et al., 2009) . Briefly, 2 mL of cells (OD 600 nm = 0.1) were inoculated onto NYGB plates containing skim milk (1%), starch (0.2%) or carboxymethylcellulose (0.5%) and incubated for 48 h. Protease activity was assessed by the appearance of clear zones surrounding the colonies on milk plates. Starch plates were stained with I 2 /KI (0.08 M/3.2 M) for 2 min, rinsed with water and clear zones were observed. Carboxymethylcellulose plates were stained with 0.1% Congo red for 5 min, rinsed with water and then washed twice with 1.0 M NaCl.
Results
VemR is involved in Xcc virulence
To investigate whether VemR plays a role in Xcc pathogenesis, we created an in-frame deletion mutant DvemR in Xcc strain 8004. We then tested virulence in the DvemR mutant strain by measuring the lesion length by leaf clipping. The results showed that the DvemR mutant had significantly reduced virulence (Fig. 1b and c) . When we introduced an intact copy of the vemR gene into the DvemR mutant strain, the resulting strain DvemR(vemR) showed restored levels of virulence equivalent to wild-type levels in repeated tests (Fig. 1b and c) . This suggested that mutation of the vemR gene strongly affects Xcc virulence to cabbage.
VemR positively regulates exopolysaccharide production
Decreased exopolysaccharide production has been correlated with loss of virulence in many plant pathogens (Coplin & Cook, 1990; Dharmapuri & Sonti, 1999; Kumar et al., 2003) , including Xcc (Katzen et al., 1998; . Colonies of the DvemR mutant strain displayed rough edges, implying an exopolysaccharide deficiency. Thus, we performed exopolysaccharide analysis. The results showed that mutation of the vemR gene decreased exopolysaccharide production significantly, whereas the complemented strain DvemR(vemR) exhibited full exopolysaccharide synthesis ability (Fig. 2a) . To further investigate the effects of mutation of the vemR gene on exopolysaccharide synthesis, expression of the gum gene cluster (Katzen et al., 1998; was examined by promoter-GUS fusion analysis. As shown in Fig. 2b , gum gene expression was significantly decreased in the DvemR mutant strain. These data suggest that the lack of exopolysaccharide production was due to the lower expression of exopolysaccharide biosynthetic genes in the DvemR mutant and this can lead to reduced virulence.
Mutation of vemR alters Xcc motility
Motility is also important for pathogenesis in a number of pathogenic plant species (Swings & Civerolo, 1993) . The vemR gene is located in an operon flanked by fleQ and rpoN2 (Fig. 1a) , which are involved in the regulation of flagellum synthesis (Hu et al., 2005) . To test whether VemR participates in the regulation of motility, the mutant, the complemented strain and the wild-type strain were grown on TYGS motility plates for swimming and swarming assays. The DvemR mutant strain displayed a four-to sixfold decrease in net migration compared with the wild type and the complemented strain for both types of motility ( Fig. 2c-e) , demonstrating that VemR is involved in the regulation of motility of Xcc.
Mutation of the vemR gene reduced extracellular enzyme production by Xcc
Extracellular enzymes are very important virulence factors of Xcc. Attenuated cellulase and proteinase production in this organism (e.g. by mutation of the rpfG or the ravR gene) has been shown to cause a low infection rate Dow & Daniels, 1994; Slater et al., 2000; He et al., 2009) . In this study, the production of extracellular enzymes was assayed in the DvemR mutant strain. The production of extracellular cellulase, proteinase and amylase in the DvemR mutant was slightly less than that in the wild-type strain and the complemented strain (Fig. 3) , suggesting that VemR plays a role in the regulation of these extracellular enzymes.
The fleQ gene is epistatic to the vemR gene in Xcc strain 8004
One previous study indicated that insertional inactivation of the vemR gene did not affect Xcc virulence significantly (Qian et al., 2008) , which is not consistent with the effects of vemR deletion observed here. Insertional mutation of the vemR gene could affect expression of the downstream gene fleQ. To eliminate this potential polar effect, we created a fleQ deletion mutant (DfleQ) and a double-deletion mutant DvemR/DfleQ. Phenotypic tests showed that the fleQ deletion resulted in reduced virulence, but no significantly impaired motility and invisible loss of exopolysaccharide production (Fig. 4) . However, the DvemR/DfleQ double mutant displayed a phenotype similar to the DfleQ mutant (Fig. 4) (Delgado et al., 1993; Appleby & Bourret, 1999) . Alignment of the protein sequences of VemR, OmpR and CheY implies that aspartate 56 (D 56 ) is the site of phosphorylation in VemR (Fig. 1a) . We first substituted D 56 with alanine (A) in the vemR locus of the Xcc strain 8004 genome and then compared exopolysaccharide synthesis, motility and virulence between vemR(D56A) and wild-type Xcc strain 8004. The results showed that exopolysaccharide production, motility and virulence were not significantly affected in the vemR(-D56A) mutant (Fig. 5) .
The CheY(D13K) and CheB(D11K) mutants of E. coli show increased activity and the mutated proteins appear to have a constitutively activated conformation in the absence of phosphorylation (Stewart, 1993) . The position corresponding to aspartate 13 in CheY and aspartate 11 in CheB is the aspartate 11 residue in the VemR protein (Fig. 1a) . Thus, we constructed a vemR(D11K) mutant and tested the virulence of this mutant strain. As shown in Fig. 5 , the mutant strain in which aspartate 11 was substituted with lysine had a phenotype similar to the vemR(D56A) mutant, indicating that VemR is not activated by the D11K substitution, unlike CheY(D13K) and CheB (D11K). To further study these two sites (D11 and D56), we created a doublepoint mutation, resulting in mutant strain vemR(D11K/ D56A). Phenotypically, the vemR(D11K/D56A) mutant was similar to the DvemR mutant (Fig. 5) . These results suggest that these two aspartates are critical to the function of VemR, and aspartate 11 may be an alternate phosphorylation site in the VemR protein.
Discussion
The virulence of Xcc depends on exopolysaccharides, extracellular enzymes, biofilm and other virulence-related factors (Tang et al., 1991; Barber et al., 1997; Slater et al., 2000; Ryan et al., 2006) . The synthesis of these virulence determinants is regulated in response to extra-and/or intercellular signals. TCSTSs are major signaling systems in bacterium (Galperin, 2005; Stock & Guhaniyogi, 2006) . The sensory histidine kinase of the TCSTS normally has a signal receptor domain that receives certain signals. The RR phosphorylated by histidine kinase is thought to activate its C-terminal output domain, thus altering the adaptive response by modulating gene expression or the cellular machinery (Galperin, 2004; Galperin, 2006) . Four TCSTSs are found to be involved in Xcc virulence. RpfC/RpfG regulates a range of cellular behaviors such as Fig. 3 . Mutation of the vemR gene affects extracellular enzyme production in Xcc. Enzyme activities of amylase, cellulase and proteinase of the Xcc strains were determined using plate assays. Error bars represent SDs. Data were representative of three independent experiments. exopolysaccharide production, extracellular enzyme secretion, motility, biofilm production and cell-cell signaling by cyclic-di-GMP hydrolysis and activation of RpfG (Tang et al., 1991; Barber et al., 1997; Slater et al., 2000; Dow et al., 2003; Fouhy et al., 2006; Ryan et al., 2006) . RavS/RavR affect cell motility, exopolysaccharide synthesis, extracellular enzyme secretion and biofilm production by regulating the expression of the corresponding genes by cyclic-di-GMP synthesis or hydrolysis and activation of RavR (He et al., 2009 and our unpublished data) . XCC3107 was identified by genome-scale mutagenesis and was found to be involved in protease production and virulence (Qian et al., 2008) . HrpG is an important regulator that controls the expression of the type III secretion system by interacting with the downstream AraC-family transcription factor, HrpX (Noel et al., 2001) . However, HrpG is an orphan RR whose cognate histidine kinase has not been identified to date. In this study, we have identified an orphan RR (VemR) that is required for virulence and adaptation of Xcc. The vemR gene resides in an operon that consists of the rpoN2, vemR and fleQ genes (Fig. 1a) . The rpoN2 gene encodes a sigma 54 factor that is involved in nitrogen assimilation, nitrogen fixation, utilization of carbon sources, motility, alginate biosynthesis and virulence (Reitzer & Schneider, 2001; Yang et al., 2009) . The fleQ gene encodes a sigma 54 factor cognate activator that is essential for normal flagellation and transcription of the promoters of the fliE, fliL, fliQ, flgB, flgG, flhF and flhBA genes in Xcc strain XC17 (Hu et al., 2005; Yang et al., 2009) . It was observed that insertional inactivation of the fleQ gene resulted in impaired motility and virulence in Xcc strain XC17 (Yang et al., 2009) . However, insertional inactivation of the vemR gene, which probably affects the expression of the fleQ gene, has no significant effect on virulence in Xcc ATCC 33913 (Qian et al., 2008) . To avoid unwanted polar effects, DvemR and DfleQ mutants were generated by inframe deletion of the vemR and fleQ genes, respectively.
Phenotyping demonstrated that mutation of the vemR gene severely affected Xcc virulence, exopolysaccharide production and motility (Fig. 1b, c and 2 ), whereas mutation of the fleQ gene showed less phenotypic effects in Xcc strain 8004 (Fig. 4) . Similar phenotypes were observed on deletion of the vemR gene in Xcc ATCC 33913 (data not shown). Moreover, the double-deletion mutant DvemR/DfleQ had a phenotype similar to the single mutant DfleQ (Fig. 4 and data not shown), suggesting that insertion inactivation of the vemR gene in Xcc ATCC 33913 might inactivate both vemR and fleQ genes simultaneously.
Previous studies have shown that FleQ is an important regulator of the expression of flagella and exopolysaccharide biosynthesis genes in Pseudomonas aeruginosa (Dasgupta et al., 2000 (Dasgupta et al., , 2003 Dasgupta & Ramphal, 2001) . A recent study indicated that FleQ is a cyclic-di-GMP receptor that binds cyclic-di-GMP, causing FleQ to dissociate from DNA and then derepress transcription from the pel promoter (Hickman & Harwood, 2008) . This repressor activity also required FleN, a predicted ATPase (Hickman & Harwood, 2008) . FleQ is also an important factor that regulates the expression of flagella biosynthesis genes in Xcc strain XC17 (Yang et al., 2009) . However, deletion of fleQ had no significant effects on motility and exopolysaccharide synthesis in Xcc 8004 (Fig. 4) , suggesting that the function of FleQ may differ in bacterial strains. Mutation of fleQ in the DvemR mutant resulted in an increase in motility and exopolysaccharide content in Xcc, indicating that FleQ might act as a repressor of the expression of flagella and exopolysaccharide biosynthesis genes.
The function of the RR is controlled by phosphorylation, which is dependent on the cognate histidine kinase. Although the cognate histidine kinase of VemR has not been identified, alignment of the protein sequences of VemR, OmpR and CheY indicates that aspartate 56 (D 56 ) is the site of phosphorylation in the VemR protein (Fig. 1b) . As shown ) and D 56 of VemR were substituted by lysine (K) and alanine (A), respectively, to generate two single-point mutation mutants, DvemR(D11K) and DvemR(D56A), and one double-point mutation mutant, DvemR(D11K/ D56A). Virulence against cabbage (a), exopolysaccharide production (b) and motility (c) of these mutant strains were determined. The DvemR(D11K) and DvemR(D56A) single mutation mutants displayed phenotypes similar to the wild-type strain Xcc 8004, while the double-point mutation mutant DvemR(D11K/D56A) displayed a phenotype similar to the DvemR mutant. Error bars represent SDs. Data were representative of three independent experiments.
in Fig. 5 , mutation of the putative phosphorylation site does not reduce Xcc exopolysaccharide synthesis, motility or virulence significantly, suggesting that VemR may have an alternative phosphorylation site. When the normal site of phosphorylation (D 57 ) of CheY is replaced with N (CheYD57N) and CheZ, a protein that considerably enhances dephosphorylation of CheY, is absent, CheY(D57N) can be phosphorylated at serine (S 56 ) (Appleby & Bourret, 1999) . S56A substitution has no effect on CheY activity, but the S56A/D57N double mutant is inactive (Appleby & Bourret, 1999) . However, CheY(D57E) has no activity in vivo, despite its ability to be phosphorylated in vitro (Appleby & Bourret, 1999) . The VemR protein has no hydroxyamino acid (ser 55 ) immediately adjacent to D 56 in the N-terminal region (Fig. 1a) , indicating that another amino acid residue might be phosphorylated. Some studies have shown that CheB(D11K) in E. coli has increased methylesterase activity and a constitutively activated protein conformation in the absence of phosphorylation because CheB(D11K) cannot be phosphorylated in vivo and in vitro (Stewart, 1993) . However, substitution of aspartate 11 in the VemR protein, corresponding to aspartate 11 in CheB, with lysine did not cause increased motility, exopolysaccharide content and virulence (Fig. 5) , suggesting that the function of aspartate 11 in VemR is not the same as that in CheB. Considering that the double mutant strain, vemR(D11K/ D56A), has a phenotype similar to the null mutant, DvemR (Fig. 5) 
